Wireless sensor nodes self-powering from an ambient energy source have been widely studied. In particular, the piezoelectric energy harvesting has been the focus of attention, due to its high energy density. For the piezoelectric energy harvesting, a cantilever beam structure has normally been used because of its high efficiency. Since the frequency of environmental vibrations is of the order of hundreds of Hz, which is far below the natural frequency of cantilever type ceramic actuators, the frequency of the cantilever has commonly been adjusted by placing a heavy mass on its end. In order to lower its natural frequency and increase its safety factor, we fabricated a flexible piezoelectric cantilever, which was composed of ceramic on a flexible substrate. However, it was observed that the flexible cantilever was always broken at a certain position. This result indicates that the stress was not homogeneous, and concentrated at the breakage point of the ceramic. To analyze the failure of the ceramic, we measured the inhomogeneous stress distribution on the flexible piezoelectric energy harvester and analyzed it using the ATILA program.
Introduction
Recently, harvesting from the environmental energy such as thermal gradients, solar power and vibration sources for selfpowering wireless sensor nodes has been attracted a great deal of interest, due to the limited lifetime of batteries.
1)-4) In particularly, the energy harvesting from ambient vibration sources, which are more ubiquitous than other environmental energy sources, has been a focus of attention. 5) Most of all, the piezoelectric energy harvesting has been extensively investigated, because it offers a high power density compared to other electromagnetic and electrostatic energy scavenging methods.
6)-8)
The cantilever design has been commonly used for both piezoelectric actuators and energy harvesters. However, as shown in Table 1 , actuators and energy harvesters have different requirements due to the differences in their applications. For example, an actuator should be stiff in order for it to provide a large generating force and high frequency operation, whereas an energy harvester should be flexible in order for it to have a high safety factor and low frequency operation. Therefore, it is necessary to change the design of an actuator when it is used for energy harvesting. In order to lower the natural frequency and increase the safety factor in the ceramic, we fabricated a flexible piezoelectric cantilever by attaching the ceramic on a flexible substrate.
When we used the ceramic/metal/ceramic actuator as an energy harvester, the ceramics were broken in the clamping position, due to the maximum stress being generated at the clamping point. However, when we measured the energy generated by the flexible piezoelectric energy harvester, the ceramic on the flexible substrate was always broken at a certain position, which was not the clamping point. This indicates that the stress distribution in the ceramic is inhomogeneous. In this study, in order to analyze the inhomogeneous stress distribution in the ceramic of the flexible piezoelectric energy harvester, we divided the top electrode of the ceramic into small sectors and measured the output voltage from each sector. In addition, we calculated the output signal using the ATILA program and compared it with the experimental results.
Experimental
The piezoelectric unimorph cantilever was made of one piezoelectric ceramic layer (35 mm × 10 mm) on a flexible FRP (Fiber Reinforced Plastics) substrate (73 mm × 12 mm). The piezoelectric ceramic used was KPZ10 (Kyungwon Co., d33 = 465 pC/N, kp = 63% , g33 = 27 × 10 -3 Vm/N). The thicknesses of the piezoelectric ceramic and FRP substrate were 0.5 mm and 1.6 mm, respectively. As can be seen in Fig. 1 , the ceramic plate was attached to a point 8 mm from the fixed position to avoid the clamping of the ceramic plate and make the piezoelectric ceramic cantilever more flexible. The top electrode of the piezoelectric ceramic was divided into five sections, as shown in Fig.  3(b) . The capacitance of each piezoelectric ceramic was 1.63 ± 0.03 nF, so it could be assumed that the electrical properties of † Corresponding author: D.-Y. Jeong; E-mail: dyjeong@mju.ac.kr Paper aaaaa each ceramic were identical. One end of the cantilever was fixed using a screw. Force was applied to the other end of the cantilever until the displacement was 5 mm. The output voltage of each section of the piezoelectric ceramic was then measured immediately by an oscilloscope.
Results and discussion
Bimorph type cantilevers having a ceramic/metal/ceramic structure and unimorph type cantilevers having a ceramic/metal structure have been widely used in actuator applications, due to their large strain amplification. Recently, these same types of cantilevers have attracted the attention of researchers investigating piezoelectric energy harvesters. When such a cantilever is used as an energy harvester, it is known that the natural frequency of the energy harvester should be same as the frequency of the vibration source. As shown in Table 2 , most vibration sources have a vibration frequency of the order of hundreds of Hz. However, since the natural frequency range of cantilever piezoelectric actuators is usually of the order of several kHz, which is much higher than the frequency of the vibration source, the energy generation efficiency is very small, so that it is necessary to tune the natural frequency of the cantilever to the frequency of the vibration source. Usually, to achieve this, a heavy mass is placed on the end of the cantilever beam to lower the natural frequency of the energy harvester. For example, Roundy (2003) attached a massive proof mass of 52.2 g to a 3 × 2 × 0.8 cm 3 sized cantilever. When the heavy proof mass was placed on the cantilever, it was found that the ceramic in the cantilever actuator was easily broken at the clamping point.
9) The calculation of Roundy et al. (2005) on the stress distribution of the ceramic showed that the stress was a maximum at the clamping point and gradually decreased with increasing distance from the clamping point. 6) In addition to these disadvantages of the ceramic/metal cantilever, such as its high natural frequency and easy breakage, it is too stiff to vibrate with a small vibration. Therefore, it is necessary to make a flexible cantilever in order to lower the mechanical impedance of an energy harvester. To obtain this flexibility, we used a flexible substrate instead of a metal substrate. In addition, we made the flexible substrate longer than the ceramic and placed the ceramic on the flexible substrate (see Fig. 1 ). In this configuration, when the ceramic is placed on the flexible substrate and the flexible substrate is clamped, the vibration characteristics might be mainly determined by the characteristics of the flexible substrate. To verify this hypothesis, if we change the size of the ceramic or the position where the ceramic is placed, we would expect to be able to tune the vibration behavior of the flexible cantilever. Figure 2 shows the Fourier transformation result of the output voltage of the flexible cantilever. Without adding the heavy mass, we obtained the natural frequency of around 176 Hz. When we made the energy harvester smaller by shortening the length of the flexible substrate, the natural frequency was increased and could be lowered by placing the mass at the end of the flexible cantilever.
When we measured the energy generated by the flexible cantilever, we found that the ceramic placed on the flexible cantilever was always broken at a certain point, as shown in Fig.  3(a) . From this observation, we inferred that when the stress was applied to the end of the flexible cantilever, it was not distributed homogeneously over the ceramic. To estimate this inhomogeneous stress distribution, we divided the top electrode of the ceramic plate into five sectors, as shown in Fig. 3(b) and measured the output voltage at each sector with an oscilloscope. The maximum output voltages from each sector are presented in Fig.  4 . The maximum output voltage increased from sector 1 to sector 2 and decreased from sector 3 to the last sector. The maximum value was obtained at sector 2, which corresponds to the breaking point, as shown in Fig. 3(a) . The relationship between the output voltage and applied stress in piezoelectric materials is given by (1) 10)
Where V is the output voltage, t is the thickness of the piezoelectric ceramic, g is the piezoelectric voltage constant and T is the applied stress in the piezoelectric ceramic. The maximum output voltage in Fig. 4 was 2.44 times larger than the minimum output voltage. If we consider that the thickness and piezoelectric properties of each ceramic are the same, the stress is proportional to the output voltage. Therefore, the stress of sector 2 is also 2.44 times that of sector 5. This means that the stress distributions of the piezoelectric ceramic in the cantilever structure are not homogeneous. In other words, the applied stress is concentrated on sector 2 of the ceramic in the cantilever. To verify these experimental results, we conducted a computerized FEM (Finite Element Method) simulation using ATILA software. The material properties of the piezoelectric cantilever are summarized in Table 3 . PZT4 was used instead of KPZ10 in the FEM analysis and the properties of the FRP substrate adopted in the simulation are the generally accepted values.
11) The modeling dimension was the same as that of the real cantilever given in Fig. 5 , which is the FE meshed picture of the cantilever modeling. The boundary condition of the cantilever simulation was given like that the fixed region of the cantilever in Fig. 1 was given clamped condition and a force of 1N was applied at the opposite end in the FEM simulation as Fig. 5 . Each section of ceramic of the cantilever was isolated and given as floating condition. Then, the calculated output potentials of each sector were obtained. Figure 4 (b) shows the simulation results for each sector of the piezoelectric ceramic plate. The maximum output signal was obtained at sector 2 and was about 2.65 times larger than the minimum value at sector 5. The variation of the output voltage was similar to the experimental result. In other words, the simulation results of the stress concentration during the cantilever operation showed good agreement with the experimental ones.
Conclusion
A piezoelectric cantilever was investigated as an energy harvester using ambient vibration sources. In order to lower its natural frequency and increase its safety factor, the piezoelectric cantilever was fabricated by putting the ceramic on a flexible FRP substrate. However, the piezoelectric ceramic plate on the FRP substrate was always broken at a certain position. This means that the stress distribution of the ceramic of the cantilever is not homogeneous. Therefore, we investigated the stress concentration of the ceramic plate by dividing the top electrode of the ceramic plate into five sectors and measuring the output voltages of each sector. The maximum output voltage was obtained in the second sector from the fixed region and the output voltage gradually decreased from the second to the fifth sector. The maximum output voltage was 2.44 times larger than the minimum value. In order to verify the experimental results, a computerized FEM analysis using ATILA program was conducted and the maximum signal was 2.65 times larger than the minimum one. The results of the FEM simulation were in good agreement with the experimental ones. These results will help to find a proper location and optimal size of piezoelectric ceramics in piezoelectric energy harvesters of the cantilever type.
